The recurrence interval of large earthquakes varies from one active fault to another as inferred from the palaeoseismic data in China. Generally speaking, the interval in eastern part of China is much longer than that in the western part, and that around the plate boundary is remarkably shorter than that in the intraplate of China. To consider the reason for the phenomenon, a mechanical model was constructed by the method of finite element numerical analysis to probe into the distribution of elastic strain energy caused by tectonic stress. The procedures to be used in this paper are: (1) to analyze the boundary condition and action pattern of force on the boundary in China and its adjacent areas by geological method, (2) to make inversion of the force acting on the boundary and the tectonic stress field in the region by finite element method based on the criterion of the maximum principal stress direction, (3) to calculate the attenuation of strain energy with the increase of distance apart from the plate boundary. Based on the attenuation pattern, the accumulative range of strain energy is converted to reach a given value (a given magnitude of large earthquake) in different parts of the research region into time or period, which is compared with the known recurrence interval of large earthquake along an active fault zone obtained by palaeoseismic method. The comparison shows that the remarkable difference of large earthquake recurrence interval between plate boundary and intraplate can be well explained by the attenuation pattern of strain energy.
Introduction
The study of large earthquake recurrence interval is significant to earthquake prediction and engineering construction. R. E. Wallace, one of the pioneers of modern paleoseismology, estimated a recurrence interval for earthquakes of different magnitude on the San Andreas fault (Wallace, 1970) . He suggested that the recurrence intervals for earthquakes of M=7-8 are 100-1000 years. Since then, much work has been done in paleoseismology (Sieh, 1978; Schwartz et al., 1984; Hull, 1996; Lienkaemper et al., 1996; Marco et al., 1996) . The recurrence intervals may be measured from several hundred years to even hundreds of thousands of years or longer (Yeats et al., 1996) . For example, McCalpin et al. (1996) show that the average return time for Wasatch fault varies between 1200 and 2500 years. Bull (1996) suggests that the periodic recurrences with are at intervals of 260 years for the Alpine fault in New Zealand.
The palaeoseismic method is an effective way for inferring earthquake recurrence interval, but it needs time and money to accumulate data and it is impossible to determine the general characteristics of a large area in a short time. A mechanical model of finite element numerical analysis, therefore, has been devised in this paper to remedy the defect of palaeoseismic method. The procedures are: (1) to calculate the stress pattern of China and its adjacent areas, caused by the interaction of the three large plates: the Indian, Pacific and Philippine plates from the point of view of stress transmission and it was found out that the stress value dropped rapidly as the distance increased from the plate boundary, and the elastic strain energy also decreased from the boundary to intralplate; (2) to convert the accumulative range of strain energy to reach a given value (a given magnitude of large earthquake) in different parts of the study area into time or period based on the attenuation pattern of stress or strain energy. Suppose the value of strain energy to produce a given magnitude of large earthquake to be the same in different regions, the period for accumulating the same value of strain energy in the regions is quite different, i.e. the recurrence interval of large earthquakes varies from one part to another.
The numerical modeling of present-day stress field in China and its adjacent areas was studied by many former researchers Wang et al., 1980) , but the boundary condition collected was not appropriate, i.e. the northern boundary was restrained from displacement in north and south direction, the western boundary, fixed from displacement in east and west direction, with only the southern boundary taken as free boundary. Although the pattern of the maximum compressive principal stress direction fitted fairly well with the observed data in this consideration, the distribution of stress value fell far from to the reality. The north and west boundaries are taken as infinite elements in this paper because they are not real plate boundaries, so the calculating results are more in accordance with the reality both in stress orientation and value.
Some large earthquake recurrence intervals along active faults obtained from palaeoseismic data
The earthquake forming and occurring may be considered as the process of elastic deformation and releasing strain energy. Thus a finite element model was conducted in this paper to calculate the regional stress field and elastic strain energy distribution by an elastic program for probing into the relations between strain energy and earthquake recurrence interval. In order to obtain the distribution pattern of large earthquake recurrence intervals along the main active faults in this study area and to compare it with the calculated results, the data of autochthonous recurrence periods of large earthquakes were collected along active faults observed by palaeoseismic method in the area and is listed in Table 1 and Figure 1 .
The distribution pattern of large earthquake recurrence intervals can be generalized as follows based on the collected data:
1) The recurrence intervals of large earthquakes are quite different in different area.
2) The recurrence interval period in the eastern part of China is much longer than that in the western part.
3) The interval around the plate boundary is remarkably shorter than that in the intraplate of China.
A good deal of enlightenment from the above phenomena may be gained as follows:
1) The period of large earthquake recurrence interval is the reflection of the accumulative time of strain energy.
2) The effect of the stress action of the Indian plate on China continent is much larger than that of the Pacific and the Philippine plates.
3) It is an effective way to estimate large earthquake recurrence interval from the distribution of elastic strain energy.
The effect of boundary condition and loading force pattern on the intrablock stress distribution of China
The numerical modeling of present day tectonic stress field in China and its adjacent area was done by former researchers Wang et al., 1980) . Although the calculating results were well fitted with the trajectory of P-axis obtained from focal mechanism solution, the distribution of stress value was inconsistent with the facts. The stress measurement shows that the stress value in the western part of China is much larger than that in the eastern part ). The studies on active faults reveal that the slip rate of active faults in the west (>10 mm/yr) is much faster than that in the east (<1 mm/yr) (Guo et al., 1986; Chen et al., 1988; Ye et al., 1996; Guo et al., 1992; Xing, 1992; Cheng et al., 1984; Feng, 1987; Ran et al., 1997 and Wang, 1984) . Therefore, it can be infered from the above observed facts that the pressure of the Indian plate on China continent is much larger than that of the Pacific plate and the Philippine plate. The distribution of stress value calculated by Wang et al. (1985) and Wang et al. (1980) , however, shows no remarkable difference between the west and the east except along active fault zones. The reason might be that the boundary condition selected was inconsistent with the reality.
To analyze the influential factors of stress distribution, a test was made as following:
Choosing a rectangular block (11 cm in length and 8 cm in width) and restraining the lower boundary and putting pressure on the upper boundary, we can find the difference of stress distribution in the rectangle as changing the loading length on the upper side (Figure 2a ).
The curves of stress distribution along line AB in Figure 2a are drawn in Figure 2b . Of them, the curve (1) is gotten by putting concentrated force on point A, the curve (7) expresses the stress distribution by loading on the whole surface of the upper boundary. These are the two extreme conditions. Curves (2)-(6) lie between them and express the loading lengths, taking point A as the center, to be 1 cm, 3 cm, 5 cm, 7 cm and 9 cm respectively. We can tell from Figure 2b that the stress distribution is all the same in the whole area when even loading is put on the whole upper side which corresponds to even stress state, and the stress value rapidly drops as the distance increases apart from the plate boundary when concentrated loading is put on the center of the upper surface corresponding to the plate boundary. The stress distribution between the two extreme conditions shows the stress attenuation from plate boundary to far end and the attenuation rate becomes high with the conditions changing from the state of curve (7) to that state of curve (1).
Considering the above test, the conditions of the real plate boundaries related to China continent were analyzed. The boundary length selected for calculation, on the one hand, is only a part of real plate boundary, and how to give the restraints in the two ends in order to make it equivalent to the reality is worth of note. On the other hand, the range and orientation of applied force are changeable on the boundary of the model. The distribution of applied force on the collision boundary between the Indian plate and the Eurasian continent is quite uneven, i.e. the applied force around the Pamirs and Assam on the western and eastern ends respectively of the northern boundary of the Indian plate may be larger than that on other places of the boundary. The pressure of the Philippine plate to the Asian continent might be the strongest in Taiwan area along the whole boundary. The applied force may propagate in a progressive decreasing pattern from plate boundary to interior, the stress attenuation pattern superimposes on the even stress pattern produced by relative small force evenly distributed on the whole boundary, thus the result must still be uneven. The combined action of the Indian, the Pacific and the Philippine plates on China continent and its adjacent areas and the different distribution of the range and orientation of the boundary force must make the stress complicatedly distributed in the continent interior, therefore the complicated pattern must be obtained through numerical calculation and can not be gotten by simple analysis.
The conversion of present-day tectonic stress field and pattern in China and its adjacent areas.
Model
Based on the above analytic result, we conduct a calculating model as shown in Figure 3 .
The modeling area and finite element division
The modeling area includes China and its adjacent areas, taking the boundary between the Eurasian plate and the Pacific and the Philippine plates as the eastern side, the boundary between the Indian plate and the Eurasian plate as the southeastern side, the western, northern and southern sides are divided based on longitude and latitude lines. The whole region is divided into 185 nodes, 139 isoparametric finite elements and 21 infinite elements.
The material properties selected for the model
The Young's modulus E=5×10 4 MPa and the Poisson's ratio ν=0.25 are selected for all the elements of the model.
The boundary restraint
The northern and western sides stretch boundlessly towards north and west, not real plate boundaries, so the displacement in the western and northern boundaries can not suddenly become zero. To express the process of stress attenuation, a row of infinite elements is added on the northern and western boundaries respectively. The effect of these elements is to cause the displacement to become zero gradually as the distance increases to far end (regarding as infinite distance place in the view of mathematics), so the exponential attenuation of displacement can reach from the boundaries to infinite distant place. The southern side may be taken as free boundary. The southwestern and eastern sides are real plate boundaries and taken as forced boundaries.
The force acted on the plate boundaries a. The action of the Indian plate: The Indian plate moves towards north-northeast to push on the Eurasian plate boundary, so the azimuth of the pressure force is taken as 20 o C--30 o C. The force is distributed unevenly on the boundary and is thought to be larger in the Pamirs and Assam than that in the other parts.
b. The action of the Philippine plate: The Philippine plate moves towards northwest (about 300 o C in azimuth) and the action force is relatively larger in Taiwan than that in the other parts.
c. The action of the Pacific plate: The azimuth of the action force is taken as 260 o C and the force is thought to be relatively larger on the convex parts of the plate boundary than that in the other parts.
The relative ranges of the action force from the three plates are deduced and adjusted based on the comparison of the principal stress trajectory obtained by calculation with the P-axis orientation gotten by focal mechanism solution. The calculated trajectory may differ greatly from the observed data if the ranges of the action force from the three plates are inappropriately selected according to the analysis Episodes, Vol. 21, no. 3 pattern. (a) boundary condition and loading pattern: fixing the  lower side and loading on the upper side (the lengths of loading  side on point A are 1 cm, 3 cm, 5 cm, 7 cm and 9 cm respectively,  taking point A as the center). (b) intrablock attenuation curves:  the attenuation rate is from high [curve (1)] to low [curve(6)] and  to zero [curve (7) ]. from a lot of calculating models. For example, if the action force of the Indian plate taken is too large, the orientation of the maximum compressive principal stress axis in North China would not be well fitted with the reality (NNE direction). On the other hand, the trajectory would strike ENE direction in the western part of China (approximately north-south direction in fact) if the force from the Pacific plate is chosen too large. After adjusting the model for many times, the calculated trajectory is well fitted with the reality when taking the value of the force from the Indian plate as two times as that from the other two plates (Figure 4) .
Figure 3 The grid of the model.. the forced boundaries: the southwestern side and the eastern side; the free boundary: the southern side;the infinite boundaries: the western side and the northern side.

Figure 2 Stress distribution along depth in different loading
It seems that the action forces from the three plates should be equal because the moving velocities of the three plates are all about 5 cm/a. The boundaries of the Pacific and the Philippine plates, however, are subduction ones and the great part of the force must be consumed on the subduction boundary surface, and therefore there is only a small part of the force pushing horizontally on the Eurasian plate boundary. Conversely, the boundary between the Indian and the Eurasian plates is a collision one and the horizontal pushing force is the main component. Therefore, the effect of the Indian plate on China continent is much larger than that of the other two plates. Although the seismicity on the Pacific and the Philippine plate boundaries is quite strong and the earthquake recurrence interval is also quite short, most of the earthquakes are concentrated on the subduction zone, whose effect on China continent is very small and is not considered in this paper.
Calculated result of elastic strain energy
The isopleth of elastic strain energy can be obtained from the calculated model and drawn as in Figure 5 . We can tell from the distribution of the isopleth that the value of elastic strain energy is the largest along the boundary between the Indian and the Eurasian plates, about 300 erg/cm 3 (up to 600 erg/cm 3 in some segments) and gradually attenuates towards the east, about 20 erg/cm 3 in North China. The value of elastic strain energy is relatively large along the eastern boundary between the Eurasian plate and the Pacific and the Philippine plates, around 30 erg/cm 3 and rapidly attenuates towards the west. So a low value zone trending north and south appears in the eastern part of China between the two ends of the elastic strain energy attenuation from the Indian plate boundary and the Pacific and the Philippine plate boundaries. The attenuation pattern is well fitted with the observed data from stress measurement and slip rate of active faults, so the action force is mainly from the Indian plate which pushes towards the north-northeast, about as 2 times as the force value from the Pacific and the Philippine plates.
Suppose the elastic strain energy for a magnitude 8 earthquake being the same (6 × 10 23 erg) in different areas, the earthquake recurrence interval for a magnitude 8 earthquake in each part can be obtained as a quotient from the required value (6 × 10 23 erg) of elastic strain energy divided by the product of the calculated energy value per unit volume per year times the earthquake volume deduced by seismotectonic method. The values of elastic strain energy shown in Figure 5 and their corresponding period of large earthquake recurrence interval are listed in Table 2 .
The interval for a magnitude 8 earthquake is around 7000 years in Beijing area and about 1000-2000 years near the Indian plate boundary, which is well fitted with the observed data. The interval in Taiwan area, however, seems to be 5000 years, which is inconsistent with the facts. The reason is that most of the earthquakes there occurred in the subduction zone which was not considered in this paper.
Discussions
1) The intervals discussed here are mainly for the great earthquakes of about magnitude 8, and the periods for the earthquakes of magnitude 7 or less must be much shorter than that of magnitude 8 earthquakes.
2) The intervals discussed in this paper mean the autochthonous periods, not the synthetic intervals in a whole area. The so called autochthonous periods mean that the focuses of two large earthquakes are so close to each other that the extreme zones of the two events coincide or partly overlap each other. The synthetic interval for an area such as North China means that the repeated periods of earthquakes in different magnitude occurred on many active faults, i.e. the interval between two relatively active periods with relatively frequent earthquakes caused by many active faults within the area, separated by a relatively quiet period. The synthetic interval in North China is thought to be several hundred years (Lu, et al., 1985) .
3) Judging from the calculated results and palaeoseismic data, the general character of the intervals is that the periods gradually become longer from the plate boundaries to the plate interior of China, but they are still different to some extent, which may be caused by the collected pure elastic model here. In fact, the stress has acted on the rocks for several thousand years that the rock may have some rheological behavior, but the factor of stress relaxation is not considered in this paper.
4) The occurrence of large earthquakes requires two factors: accumulation of elastic strain energy and strong strength for rocks to 
Figure 4 Calculated trajectory of the maximum compressive principal stress axis. Dash line shows the direction of the maximum compressive principal stress axis.
resist deformation. The model only considered the relations between the elastic strain energy accumulation and large earthquake recurrence interval without involving rock strength. If a large block is uniform and very strong, i.e. rigid block in terms of geology, a large earthquake can not occur there. The continent of China has several large rigid blocks such as Tarim block in the western part of China, Ordos and Alxa blocks in the west of North China and South China block in South China. So the isopleth of elastic strain energy should be discontinuous if the rigid blocks are not considered.
The further study should consider the inhomogeneity of blocks and the effect of active faults on the distribution of elastic strain energy. New Zealand from 1988 -1989 . He is currently engaged in the study of seismotectonics and geodynamics.
